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Loss of arc function results in a downwardly curved wing and smaller eyes with a reduced number of ommatidia. Consistent
with this phenotype, molecular analysis shows that arc mRNA and protein are expressed in the wing imaginal disc and in
clusters of cells in the morphogenetic furrow of the eye imaginal disc. The 36-kb arc transcription unit contains 10 exons
that are spliced to form a 5.5-kb mRNA. The encoded Arc protein is 143,000 Da and contains two PDZ (PSD-95, Discs large,
ZO-1) domains; there is no close structural similarity to other PDZ proteins. In addition to its expression in imaginal discs,
arc is expressed during embryogenesis in epithelia undergoing morphogenesis, including the invaginating posterior midgut,
evaginating Malpighian tubule buds, elongating hindgut, invaginating salivary glands, intersegmental grooves, and
developing tracheae. Arc protein colocalizes with Armadillo (b-catenin) to the apical (luminal) surface of these developing
epithelia, indicating that it is associated with adherens junctions. Genes that are required for patterning of embryonic
epithelia (e.g., tailless, Kru¨ppel, fork head, and brachyenteron) or for progression of the morphogenetic furrow (i. e.,
edgehog) are required to establish or maintain the regional expression of arc. Misexpression of arc in the eye imaginal discs
results in rough and larger eyes with fused ommatidia. We propose that arc affects eye development by modulating adherens
junctions of the developing ommatidium. © 2000 Academic Press
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lINTRODUCTION
Cell junctions play a central role in maintaining epithe-
lial integrity. The best understood cell–cell junction re-
quired for adhesion between cells in the epithelium is the
adherens junction, which is located most apically in insect
cells and just basal to the tight junction in vertebrate cells
(reviewed by Garrod and Collins, 1992; Gumbiner, 1996).
The adherens junction is based on homophilic association
between molecules of the transmembrane protein
E-cadherin, which is linked on its cytoplasmic side to the
actin cytoskeleton via b-catenin (Drosophila Armadillo)
and a-catenin. The adherens junctions and associated cy-
toskeleton form a continuous band (zonula adherens)
1 To whom correspondence and reprint requests should be ad-
dressed at Department of MCD Biology, Box 951606, UCLA, Los
Angeles, CA 90095-1606. E-mail: jlengyel@ucla.edu. Fax: 310-206-
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All rights of reproduction in any form reserved.around the apical circumference of each cell, thus uniting
the cells of the epithelium into a coherent sheet (reviewed
by Knust, 1994; Gumbiner, 1996; Tepass, 1997).
The continuing presence of adherens junctions is essen-
tial for maintaining epithelial integrity. In addition, modu-
lation of these junctions plays a key role in epithelial
morphogenesis and cancer metastasis. The epithelial-to-
mesenchymal transitions that are the basis for tumor me-
tastasis and that occur during formation of the Drosophila
midgut involve the disassembly of adherens junctions (re-
viewed by Birchmeier et al., 1995; Tepass et al., 1996). Cell
rearrangement by convergent extension is another type of
epithelial morphogenesis, which occurs during gastrulation
in many embryos and during elongation of epithelial tu-
bules (e.g., Ettensohn, 1985; Keller et al., 1992; Skaer, 1992).
uring cell rearrangement, the epithelium is still held
ogether tightly by adherens junctions, maintaining its
ntegrity and polarity (reviewed by Knust, 1994). Neverthe-
ess, some remodeling of adherens junctions occurs during419
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420 Liu and Lengyelconvergent extension, revealed by the fact that Malpighian
tubule elongation fails to occur in Drosophila embryos
unable to synthesize new E-cadherin (Tepass et al., 1996).
The full complement of proteins that constitute the
tructural and regulatory components of the adherens junc-
ion is not known. Potential components and modulators
ave been identified by both biochemical and genetic tech-
iques. Analysis of tumor enhancers and suppressors has
evealed a role for receptor tyrosine kinase-activated path-
ays, as activation of members of these pathways can
educe the adhesivity of adherens junctions, leading to
pithelial-to-mesenchymal transitions and enhanced inva-
ivity of tumor cells (reviewed by Birchmeier et al.,
995,1996). Protein purification has identified a number of
dditional components of the vertebrate adherens junction,
hose functions remain to be characterized (reviewed by
arrod and Collins, 1992).
Molecular genetic studies in Drosophila have shown that
a number of PDZ (PSD-95, Discs large, ZO-1) domain
proteins are localized to the adherens junction. PDZ do-
mains are protein–protein association domains that can
interact with short carboxyl-terminal peptide motifs or
with other PDZ domains (Doyle et al., 1996; Hillier et al.,
1999). Proteins containing multiple PDZ domains can thus
act as a scaffold to recruit additional proteins to a
membrane-associated complex. These properties make
PDZ domain containing proteins likely candidates for mol-
ecules modulating adherens junction structure and func-
tion (reviewed by Fanning and Anderson, 1999). In Drosoph-
ila, the ZO-1 homolog (product of the polychaetoid, or
tamou, gene) and the Canoe PDZ protein form a complex
localized to the adherens junction and are required for the
morphogenetic movements of the surface epithelial cells
during dorsal closure (Takahashi et al., 1998). Drosophila
Discs lost (Dlt), another PDZ domain protein localized to
adherens junctions, is required to establish and maintain
epithelial apical–basal polarity in early embryos (Bhat et al.,
1999).
We describe here molecular and genetic characterization
of the arc (a) gene, which encodes a novel, multiple PDZ
domain protein. arc is expressed in the Drosophila embryo
n epithelia that are undergoing morphogenesis. arc mRNA
nd protein are also expressed in imaginal discs, including
ing and eye. Arc protein is found at the apical surface of
pithelia and is localized to adherens junctions. We show
hat the arc gene is required for morphogenesis of the wing
nd the eye, both of which form from epithelial sheets. In
ddition, misexpression of arc in the eye imaginal disc
esults in rough eyes with fused ommatidia. We propose
hat in the eye Arc contributes to the formation of omma-
idial clusters, and later to the recruitment of pigment cells,
y modulating adherens junctions. In the embryo, arc may
lay a subtle role in epithelial development, or there may be
protein(s) of unrelated sequence providing function(s)
edundant with those of arc.Copyright © 2000 by Academic Press. All rightMATERIALS AND METHODS
Fly Stocks
The following alleles and chromosomes were used: a1 (Gold-
schmidt, 1945), arm1 (Wieschaus et al., 1984), baz692-44 (McKim et
l., 1996), byn5 (Singer et al., 1996), cnomis1 (Miyamoto et al., 1995),
nomis1 pydtam1 (Takahashi et al., 1998), ctC145 (Jack, 1985), dltMY10
(Bhat et al., 1999), fkhXT6 (Weigel et al., 1989), hh1 (Epps et al.,
1997), hkbA321R1 (Gaul and Weigel, 1990), Kr2 (Preiss et al., 1985),
nmoP1 (Choi and Benzer, 1994), Tlrv19 and Df(3R)ro80b (Anderson et
al., 1985), tllL49 (Pignoni et al., 1990), and Df(2R)X58-9 (58A1-B2;
58F) (T. Orr-Weaver, personal communication).
Isolation of aP and Generation of New arc Alleles
An enhancer trap line, l(2)k11011, which expresses lacZ in
hindgut and Malpighian tubules, was identified in a previous
screen for genes controlling Malpighian tubule development (Liu et
al., 1999). The P element on the l(2)k11011 chromosome respon-
sible for the lacZ expression in the posterior gut was mapped to
58C1-2 by the Berkeley Drosophila Genome Project. This P ele-
ment, designated aP (see below), was separated from other muta-
tions on the chromosome by recombination. Homozygous aP adult
ies develop broad and downwardly bent wings. Complementation
ests revealed that the aP chromosome contains a mutation in arc.
The aP insertion was demonstrated to be an allele of arc by the fact
that precise excision of aP results in an arc1 phenotype.
Imprecise excision of aP generated new arc alleles, most of which
are homozygous viable. However, two alleles, aEX1 and aEX2, failed to
complement the lethality of Df(2R)X58-9 and, although generated
independently, were found to contain identical deficiencies of the
arc locus (see below); these deficiencies are homozygous lethal and
are referred to as Df(2R)aEX1 and Df(2R)aEX2. Additional deficiencies
f arc were generated by selection for loss of the w1 marker in aP
after X ray mutagenesis (4000 rad); one of these deficiencies is
homozygous lethal and is referred to as Df(2R)a7. In an F1 screen for
new arc alleles, cn bw males were fed EMS (0.26% v/v in 1%
sucrose solution) overnight and mated to w; aP[w1] females, and
approximately 30,000 progeny were screened for the arc wing
phenotype; four new viable arc alleles, aEM1, aEM15, aEM27, and aEM50,
were isolated.
Tests for interaction of various mutants with arc were made by
generating flies of the genotypes shown in Table 1.
TABLE 1
Tests for Genetic Interactions with arc
Genes tested Mutant flies examined Phenotype
nemo Df(2R)aEX1/Df(2R)a7; nmoP1/nmoP1 arc2 nmo2
cno Df(2R)aEX1/Df(2R)a7; cnomis1/cnomis1 arc2 cno2
cno pyd Df(2R)aEX1/Df(2R)a7; cnomis1 pydtam1/1 arc2
dlt Df(2R)aEX1/Df(2R)a7; dltMY10/1 arc2
Tl Df(2R)aEX1/1; Df(3R)ro80b/1 Wild type
Tl Df(2R)aEX1/1; Tl9QRE/1 Wild type
baz baz692-44/1; Df(2R)aEX1/1 Wild type
arm arm1/1; Df(2R)aEX1/Df(2R)a7 arc2s of reproduction in any form reserved.
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421Arc PDZ Domain Protein in Adherens JunctionsMolecular Cloning
Genomic DNA flanking the aP insertion was isolated by plasmid
rescue (Pirrotta, 1986) and confirmed by colony hybridization to P1
clones mapping to 58C. A detailed 60-kb molecular map of DNA
surrounding the aP insertion was constructed from P1 clones
DS07072 and DS00662. C2.7, a cDNA clone that contains 2.7 kb of
the 39 region of the arc transcript, was isolated from the 8- to 24-h
embryonic cDNA library of Brown and Kafatos (1988), using the
4.5-kb BamHI genomic DNA fragment (Fig. 2B) as probe. An
additional 1.9 kb cDNA comprising the 59 region of the arc
transcript was obtained by two consecutive rounds of RT–PCR
walking according to Maekawa et al. (1992). The most 59 end of the
arc transcript was obtained by 59 RACE using the Marathon cDNA
amplification kit (Clontech). All PCR amplified cDNA fragments
were confirmed to be derived from arc genomic DNA by hybrid-
ization to fragments of the P1 clone DS07072. All cDNA fragments
were sequenced using ABI PRISM cycle sequencing (Perkin–Elmer).
Northern Blot Analysis
Total RNA was isolated from wild-type embryos of different
stages using TriZol reagent (Gibco BRL). Poly(A)1 RNA was en-
riched by the Oligotex kit (Qiagen), loaded onto a 1.5%
formaldehyde–agarose gel, and transferred to nitrocellulose. Hy-
bridization was performed according to Amasino (1986), using a
32P-labeled RNA probe derived from clone C2.7, followed by
high-stringency washes (25 mM NaHPO4 at 65°C for 40 min and at
75°C for 30 min).
RT-PCR Analysis
First strand cDNA was synthesized from total RNA of wild-type
and homozygous aP embryos using the Advantage RT-for-PCR kit
Clontech) and was used as a template for RT–PCR. To confirm the
xistence of the three different arc transcripts, RT–PCR was
erformed by using a common downstream primer, DP1, and three
ifferent upstream primers, UP1 (transcripts I and II), UP2 (tran-
cript II only), and UP3 (transcript III). To eliminate PCR products
mplified from unspliced RNA or genomic DNA, DP1 was chosen
o overlap with exons 2b and 3 (Fig. 2B).
Transcript III was amplified by a single PCR reaction with 40
mplification cycles with primers UP3 and DP1. Two consecutive
CR reactions, each with 30 amplification cycles, were used to
mplify transcripts I and II. The primers UP1 and DP1 were used in
he first PCR reaction, and the diluted (1:1000) PCR products were
sed as templates for second PCR reactions, in which primer DP1
nd one of the primers UP1 and UP2, were used.
To assess the expression level of the arc transcripts as a group,
uantitative RT–PCR was carried out with primers UP4 and DP2,
erived from the 39 end region shared by all three transcripts.
ifferent dilutions of the arc cDNA plasmid were used as tem-
lates to demonstrate the linearity of the amplification. To nor-
alize the variation among the inputs of the first strand cDNA
ixtures, equal aliquots of each cDNA mixture were used for
mplification of the rp49 ribosomal protein gene, using primers
P1 and RP2. Sequences of the primers used were as follows:
P1 (59-TGCCCAGAATCGTGAGTGGT-39), DP2 (59-TA-
A A G A G T C C T A T G G T T T C G G - 3 9 ) , U P 1 ( 5 9 - G T C G A -
GAACTCGAAGTGAAG-3 9 ) , UP2 (5 9 -TCGAGAAGT-
TCCCAAAGTG-39), UP3 (59-GAGCTGACACCTATTATGTC-
9 ) , UP4 (59-TTGCTGGATAACGAGAACGAC-39 ) , RP1
59-ATGACCATCCGCCCAGCATACAGG-39), and RP2 (59-Copyright © 2000 by Academic Press. All rightCGTTCTTCTTGAGACGCAGGCGA-39). Positions of primers
n arc genomic sequence are shown in Fig. 2B.
Genomic Southern and PCR Analyses to Map
Breakpoints of arc Alleles
DNA from aP, Df(2R)aEX1/CyO, Df(2R) aEX2/CyO, Df(2R) a7/
yO, Gla/CyO, and aEX3 and aEX4 (the latter two are homozygous
iable arc excision alleles) adults was digested with restriction
enzyme, electrophoresed, and transferred to nitrocellulose. South-
ern blotting was performed under standard conditions (Sambrook et
al., 1989) using 32P-labeled DNA probes generated from different
ragments of the P1 clone DS07072. The intensity of the hybridized
ands was measured with a PhosphorImager 445 SI (Molecular
ynamics) and, after normalization to an internal standard, used to
etermine the regions deleted in mutant chromosomes. The aP
insertion site was determined by sequencing a PCR fragment
amplified using one primer from the P element sequence (59-
ATACTTCGGTAAGCTTCGGC-39) and one from genomic DNA
adjacent to the aP insert (59-GTTTCGCACTTTGGGACACT-39).
roximal break points of deficiencies Df(2R)aEX1 and Df(2R)aEX2
were determined by sequencing inverse PCR products generated
from self-ligated genomic DNA fragments after Sau3AI or HpaII
d i g e s t i o n , u s i n g p r i m e r s I P 1 ( 5 9 - G T G T T C A A T C T -
TTGTTTTCGTAG-3 9 ) and IP2 (5 9 -GCGAATTAATC-
GTGCTCGCTCAGAG-39), derived from sequences proximal to
the aP insertion site (Fig. 2B).
Immunohistochemistry and Histology
The 1.1-kb BamHI–PstI fragment of arc cDNA was subcloned
into pGEX-2T (Pharmacia) to generate a GST-Arc fusion protein,
which includes amino acid residues 372 to 752. This fusion protein
was purified using glutathione–agarose beads (Sigma) and injected
into mice to raise polyclonal antisera (Pocono Farms), which were
preadsorbed against wild-type embryos before use. X-gal and anti-
Arc antibody staining of embryos and imaginal discs was carried
out essentially as described (Ashburner, 1989; Pignoni and Zipur-
sky, 1997), except that, for antibody staining, the embryos and discs
were fixed by heat treatment rather than formaldehyde (Peifer,
1993). Antibody dilutions were mouse anti-Arc (1:2000), mouse
anti-Cut (Blochlinger et al., 1990) (1:20), rabbit anti-Armadillo
(Peifer, 1993) (1:500), rabbit anti-Neurexin (Baumgartner et al.,
1996) (1:1000), and biotinylated Cy3- and FITC-conjugated second-
ary antibodies for mouse and rabbit (Jackson Laboratory) (1:100 to
1:1000).
In situ hybridization to whole-mount embryos and to imaginal
discs was as described (Pignoni and Zipursky, 1997; Tautz and
Pfeifle, 1989). The 3.1-kb BamHI–EcoRI fragment of arc cDNA,
hich comprises most of the coding region, was used as template
o produce digoxygenin-labeled RNA probe (Boehringer Mann-
eim).
Scanning electron microscopy (SEM), fixation, embedding, and
ectioning of adult eyes were carried out as described (Flores et al.,
1998; Wolff and Ready, 1991). Stained embryos were dehydrated in
ethanol, embedded in Epon/Araldite, and sectioned at 2 mm.
onfocal microscopy was carried out using a Carl Zeiss LSM310,
nd light microscopy was with a Zeiss Axiophot and Sony digital
amera (DKC-5000). Images were processed with Adobe Photo-
hop. Embryos were staged according to Campos-Ortega and
artenstein (1997).s of reproduction in any form reserved.
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422 Liu and LengyelRESULTS
arc Enhancer Trap Expressed in Multiple
Morphogenetically Active Epithelia
A P lacZ insert in line l(2)k11011 (Liu et al., 1999) drives
xpression in multiple morphogenetically active epithelia
uring embryogenesis, e. g., in Malpighian tubules, hindgut,
nd foregut (Fig. 1A). Later, in third instar larvae, the
eporter is expressed in imaginal discs: in the leg disc (not
hown), in the prospective hinges and proximal wing blades
f the wing imaginal disc (Fig. 1B), in the antennal disc,
nd in the morphogenetic furrow of the eye imaginal disc
Fig. 6E).
Genetic evidence indicates that the P lacZ giving this
xpression pattern is inserted in the arc gene. Flies homozy-
ous for this P element insert display downwardly bent
ings (Fig. 1D), a phenotype of the original arc mutant
Bridges and Morgan, 1919). Both this P element insert and
rc map to 58CD; complementation and reversion tests
howed that the P element insertion is allelic to arc (see
Materials and Methods). Therefore we named this P ele-
ment insertion aP. Additional arc alleles and deficiencies of
the arc region were generated by excision of the P element,
as well as by X-ray and EMS mutagenesis (see Materials and
FIG. 1. arc enhancer trap is expressed in multiple morphogenetic
at stage 13; lacZ is expressed in elongating Malpighian tubules (MT)
disc; note expression in prospective hinge (arrows) and immediately
(D) and ventral (V) sides of wing blade are indicated. (C) Wild-type
bent wings.Copyright © 2000 by Academic Press. All rightMethods). Intragenic complementation tests between dif-
ferent arc alleles based on wing phenotype (percentage of
flies with the arc genotype displaying straight wings, data
not shown) revealed an allelic series (from strongest to
weakest): aEX1 5 aEX2 . aEM50 $ aP . aEM1 $ aEM27 . a1 . aEM15.
Molecular Characterization of the arc Locus
Genomic DNA flanking the P element of aP was isolated
by plasmid rescue (Pirrotta, 1986) and used as a probe to
identify P1 clones in the 58CD region; from these clones
approximately 100 kb of DNA surrounding the P insert was
isolated (see Materials and Methods). Fragments of this 100
kb were then used as probes for whole-mount in situ
hybridization to identify the arc transcription unit. In this
way, a 36-kb region distal to the aP insert (Fig. 2B) was
identified that is expressed in the same pattern as the aP
lacZ reporter. Analysis of cDNAs and characterization of
different arc alleles, described below, show that this 36 kb
of DNA constitutes the arc transcription unit.
By screening an embryonic cDNA library, we identified
cDNAs derived from transcripts of this 36-kb region with 59
ends close to the site of the P element insert. From two
consecutive rounds of RT–PCR walking and 59 RACE (see
Materials and Methods), we were able to construct three
active epithelia. (A) Anti-b-galactosidase staining of an aP embryo
dgut (HG), and foregut (FG). (B) lacZ expression in aP wing imaginal
cent proximal wing blade regions (arrowheads); prospective dorsal
ith straight, flat wings. (D) Homozygous aP fly with downwardlyally
, hin
adja
fly ws of reproduction in any form reserved.
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423Arc PDZ Domain Protein in Adherens JunctionsFIG. 2. Genomic structure of arc gene and flanking transcription units. (A) Transcription units in distal half of contig Dm1639 (sequence
rom Berkeley Drosophila Genome Project). The shaded regions in the contig represent four identified genes in this region: meiotic S332
mei-S332) (Kerrebrock et al., 1995), arc (this work), ariadne 2 (ari-2) (Flybase), and defective proventriculus (dve) (Nakagoshi et al., 1998);
rrows below shaded regions indicate direction of transcription. (B) Intron/exon structure of arc showing the three different arc transcripts,
which (as determined by 59 RACE) differ only slightly at their 59 ends, due to differences in initiation site and splicing of the 59 UTR.
ranscripts I and II are initiated at the same position, but are differentially spliced (exon 1a of transcript I vs. exon 1b of transcript II).
ranscript III starts at a different position (exon 2a). All three transcripts share the same intron/exon structure after exon 2b and a single
ong open reading frame (ORF) which is indicated as black. The 36-kb arc genomic structure is drawn to scale except for introns 2 (13.4 kb)
nd 3 (11.2 kb). Also shown are the P element insertion site of allele aP, the region deleted in aEX3, and the proximal and distal break points,
respectively, of deficiencies Df(2R)aEX1 and Df(2R)a7. Both aP and aEX3 are hypomorphic alleles as a result of the P element insertion at 111
the transcription initiation site of transcripts I and II is 11) in aP and of a deletion of 1 kb of arc promoter in aEX3, respectively. Df(2R)aEX1
is a deletion of arc and distal genes, while Df(2R)a7 is a deletion of 16 kb of the 59 region of the arc transcription unit and proximal genes.
Both deficiencies are null for arc activity. The position of the aP insertion and the location of the break points of aEX3, Df(2R)aEX1, and
Df(2R)a7 were determined as described under Materials and Methods. Also shown are the positions corresponding to the PCR primers used
n inverse PCR (IP1 and IP2) and RT–PCR analyses (UP1 to UP4, DP1, and DP2). The sequences of these primers are described under
aterials and Methods. (C) Northern analysis reveals a 5.5-kb arc transcript that is present throughout embryogenesis. (D) The expression
f all three arc transcripts is reduced in homozygous aP embryos as determined by RT–PCR. Transcript III is more abundant, as it could be
amplified by a single PCR reaction, while amplification of transcripts I and II required two consecutive PCR reactions (see Materials and
Methods). (E) Quantitative RT–PCR (see Materials and Methods) indicates that the total arc transcript level (amplified by primers UP4 and
DP2) is reduced to 15% of that of the wild type in aP homozygous embryos. Sequences of transcripts I, II, and III are available from GenBank
Accession Nos. AF188473, AF188474, and AF188475).Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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424 Liu and Lengyelslightly variant composite cDNAs. Sequence comparison
between these composite cDNAs and genomic DNA re-
veals that there are three arc transcripts, differing only
lightly at their 59 ends, due to differences in initiation site
nd splicing of the 59 UTR (Figs. 2B and 2D). Transcripts I
nd II, 4644 and 4826 nucleotides in length, respectively,
re initiated at the same position (designated as 11), but
have different splice donor sites: exon 1a of transcript I
(138) vs. exon 1b of transcript II (1220). Transcript III, 5173
nucleotides in length, is initiated at a different position
(1445, exon 2a). Starting with exon 2b (11012), all three
transcripts share the same intron/exon structure, including
a single long open reading frame (ORF). RT–PCR analysis
suggests that transcript III is more abundant than the other
two transcripts (see Fig. 2D legend). Consistent with this,
Northern blot analysis of embryonic mRNA with a probe
derived from the common 39 region of the arc cDNA reveals
only one band migrating as 5.5 kb (Fig. 2C ); most likely this
corresponds to transcript III.
FIG. 3. Arc protein structure. (A) The 1329-amino-acid sequence
he shaded bar, and the two PDZ domains within it by black box
ntisera is indicated as a black line below the bar. (B) Alignment o
was determined by hidden Markov model analysis (http://pfam
gathering cutoffs used to group related domains, and have signifi
“hits.”Copyright © 2000 by Academic Press. All rightMolecular mapping of various arc alleles and character-
zation of arc mRNA levels in corresponding mutants
hows that the different mutations reduce transcript levels
o different extents. The molecular lesions of the different
rc alleles were determined by genomic Southern blotting
nd by PCR analysis (see Materials and Methods; also
ig. 2).
aP is a hypomorph, as its wing phenotype (described
bove) and eye phenotype (see below) are less severe than
hose of a null allelic combination (see below). Molecularly,
P is an insertion of the P lacZ element at position 111 of
the arc transcription unit (Fig. 2B). Using quantitative
RT–PCR, we found that the total arc mRNA level in aP
homozygotes is only 15% that of the wild type (Fig. 2E).
While the level of each of the three transcripts is signifi-
cantly reduced, that of transcripts I and II is most severely
reduced (Fig. 2D). These quantitative expression data are
consistent with the genetic evidence that aP is a hypo-
orph.
e Arc protein (GenBank Accession No. AF188473) is indicated by
he expressed fragment that was used to generate mouse anti-Arc
two arc PDZ domains with the PDZ domain consensus sequence
tl.edu/hmmsearch.shtml). Both domains have scores above the
E values (below 0.05), and thus are considered highly significantof th
es. T
f the
.wus
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425Arc PDZ Domain Protein in Adherens JunctionsThe locations of the break points within arc of Df(2R)aEX1
and Df(2R)a7 (see Materials and Methods for generation of
these chromosomes) were also determined. Each of these
deficiencies is relatively large and is homozygous lethal;
Df(2R)aEX1 extends proximally from arc, while Df(2R)a7
extends distally from arc (Fig. 2B). The overlap of the two
eficiencies deletes a 16-kb region at the 59 end of the arc
ranscription unit, but no other known gene (Fig. 2B).
mbryos transheterozygous for the two deficiencies pro-
uce neither arc mRNA nor Arc protein, as determined by
n situ hybridization and antibody staining, respectively
data not shown). These results demonstrate that the
f(2R)aEX1/Df(2R)a7 transheterozygous combination is
morphic (null) for arc activity. Df(2R)aEX1/Df(2R)a7 flies
are viable, but, consistent with the observation that they
completely lack arc RNA and protein, they exhibit the
strongest arc wing and eye phenotypes (see below), as well
as showing the additional phenotype of male sterility.
FIG. 4. Arc protein is localized to the adherens junction of expres
posterior midgut primordium at stage 7. Dots outline the basal su
embryo stained with anti-Arc antibody, showing the apical localiza
Confocal micrograph sections of anterior bend in embryonic hindg
Armadillo (green) (G). Arc does not colocalize with the septate junct
colocalize with the adherens junction protein Armadillo, as seen
shown in I, J, and K, respectively. In K, which shows the colocaliza
is outlined; in L this outline is completed on the apical side, and tCopyright © 2000 by Academic Press. All rightArc Encodes a Novel PDZ Domain Protein
The long open reading frame (ORF) shared by all three arc
transcripts encodes a novel protein of 1329 amino acids,
with a predicted molecular mass of 143 kDa (GenBank
Accession No. AF188473). The codon usage within the ORF
is consistent with that seen in other Drosophila genes
(Wilkins et al., 1998). In addition, there are translation stop
codons in all three frames 59 to the first AUG translation
start codon.
As predicted by hidden Markov model analysis, the Arc
protein contains two PDZ protein–protein interaction do-
mains (Fig. 3A). While domain 1 is not as similar to the
consensus PDZ domain as is domain 2, it is still highly
significant by the statistical criteria of Pfam analysis (Fig.
3B), in fact more significant by these criteria than the
well-characterized PDZ domain 4 of the Drosophila InaD
protein (Tsunoda et al., 1997). Outside of the PDZ domains,
epithelia. (A) Apical localization of arc mRNA in the invaginating
of the invaginating epithelium. (B) Transverse section of stage 15
of Arc protein in hindgut (HG) and Malpighian tubule (MT). (C–H)
howing staining for Arc (red) (C and F), Neurexin (green) (D), and
rotein Neurexin, as seen in the Arc/Neurexin overlay (E), and does
e Arc/Arm overlay (H). Higher magnifications of F, G, and H are
f Arc and Arm in a ring at the apical side of each cell, a single cell
pical (a) and basal (b) sides of the cell are labeled.sing
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426 Liu and LengyelArc shows no close structural similarity to other PDZ
domain proteins and does not contain other known struc-
tural motifs.
Arc Is Localized Apically, to the Adherens
Junction
Light microscopic analysis of sections of embryos
stained with anti-Arc antibody reveals that the Arc
protein is localized to the apical side of the expressing
epithelia (Fig. 4B). Different PDZ domain proteins have
been localized to either septate junctions/tight junctions
(e.g., Drosophila Discs large and mammalian ZO-1 and
ZO-2, Beatch et al., 1996; Woods and Bryant, 1991) or
adherens junctions (e.g., Drosophila ZO-1, Canoe, and
Discs lost, Bhat et al., 1999; Takahashi et al., 1998). We
therefore investigated whether Arc might be localized to
one or both of these cell– cell junctions. Using antibody
staining and confocal microscopy, we found that Arc is
not colocalized with Neurexin (Figs. 4C– 4E), a trans-
membrane component of the septate junction (Baumgart-
ner et al., 1996). However, Arc is colocalized with Arma-
dillo (the Drosophila b-catenin homolog) (Figs. 4F– 4H),
which, together with DE-cadherin and Da-catenin, forms
the cadherin– catenin complex in adherens junctions
(Peifer, 1993). Higher magnification shows that the Arc
protein is almost entirely localized to an apical ring that
largely overlaps with the junctionally localized Arma-
dillo protein (Figs. 4I– 4K). Thus, while there may be
some Arc in the cell apical membrane, its primary
location is in the adherens junction. Interestingly, arc
mRNA is also found at the apical surface of the express-
ing cells (Fig. 4A), a characteristic that has been observed
for mRNAs encoding some apical membrane localized
proteins (e.g., Crumbs, Tepass et al., 1990) and some
secreted proteins (e.g., Wingless and Dpp, Baker, 1988;
data not shown).
arc Is Required for Eye Development and Is
Expressed in the Morphogenetic Furrow
In addition to the previously described wing phenotype,
arc adult flies exhibit defects in the eye. A series of arc
llelic combinations, which (as determined by quantitative
T–PCR) produce progressively less arc mRNA, result in
orresponding reductions in eye size (Figs. 5A–5D). In the
omplete absence of arc activity (Df(2R)aEX1/Df(2R)a7), eye
ize is reduced to approximately half that of the wild type.
ince the size of each individual ommatidium is almost the
ame in arc amorph and wild-type flies (Figs. 5E and 5H–5J),
he reduced eye size is primarily due to the presence of
ewer ommatidia in the arc mutant eyes. Consistent with
his interpretation, there are only 24 vertical columns, with
6 ommatidia in the tallest columns, in an arc amorph
emale eye, compared with 32 to 34 columns, and 32
mmatidia per tallest column, in a typical wild-type female
ye.Copyright © 2000 by Academic Press. All rightAnother feature of the arc amorph eyes is that the
mmatidia, instead of being hexagonal with a bristle at
very other vertex, are rhomboidal, with a bristle at each
ertex (Figs. 5E and 5H). This phenotype is similar to that
een in nemo mutants, where a defect in ommatidial
otation leads to the formation of an abnormal pigment cell
attice, i. e., a disarrangement of bristle and secondary
igment cells (Choi and Benzer, 1994). However, both
hotoreceptor arrangement within each ommatidium and
mmatidial rotation appear normal in arc amorph eyes
Figs. 5I and 5J). Thus the apparent defect in the pigment
ell lattice must arise from a different mechanism in arc
ersus nemo flies. Flies doubly homozygous for both arc
and nemo (see Table 1) did not show any defects beyond the
um of phenotypes of the singly homozygous mutants.
To obtain insight into the required function of arc in
ormation of the ommatidia, we examined the expression of
rc in developing eye imaginal discs. Both arc mRNA and
rc protein are expressed in the morphogenetic furrow
Figs. 6A and 6B) in repeating clusters of cells along the
orsal–ventral axis (Figs. 6C and 6D). The size and distri-
ution of the arc-expressing cell clusters are similar to
hose of the so-called “arc forms” (no relation to the arc
ene), clusters of ommatidial precursors that are just emerg-
ng from the morphogenetic furrow (Wolff and Ready,
993). The expression of arc in a pattern similar to that of
he ommatidial precursor clusters, taken together with the
educed number of ommatidia in the absence of arc activ-
ty, suggests that arc may play a required role in the
stablishment of these clusters.
Proper expression of arc in the furrow depends on normal
rogession of the furrow. Thus, when hedgehog (hh) activ-
ty, which is required for normal furrow progression (Ma et
l., 1993), is reduced, there is a dramatic reduction in arc
xpression (Fig. 6F).
arc Is Dynamically Regulated in Embryonic
Epithelia Undergoing Morphogenesis
Expression of arc during embryogenesis was character-
ized by in situ hybridization and antibody staining. arc
mRNA and Arc protein exhibit the same expression pat-
tern, with earlier expression of the arc mRNA. Immediately
after egg laying, a considerable store of uniformly distrib-
uted maternal arc mRNA is detected (data not shown).
Presumably as a result of differential degradation along the
anterior–posterior axis, this maternal mRNA is rapidly
converted to an anterior–posterior gradient (Fig. 7A). Zy-
gotic arc is expressed dynamically in multiple domains in
the embryo; regions expressing arc are either about to
undergo morphogenesis or are in the process of carrying out
morphogenetic movements such as invagination, elonga-
tion, or convergent extension (Figs. 7B–7H). Specifically,
zygotic arc is first detected at the posterior midgut primor-
dium, prior to and during its invagination (Figs. 7B and 7C).
arc is next expressed in the Malpighian tubule primordium,
prior to the evagination of the tubule buds; this expressions of reproduction in any form reserved.
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427Arc PDZ Domain Protein in Adherens Junctionsincreases, becoming very strong during bud evagination and
tubule elongation (Figs. 7D to 7H). While expression of arc
n the posterior midgut primordium and Malpighian tubule
rimordia takes place prior to their invagination, arc is
xpressed in other tubules (hindgut, foregut, salivary gland,
racheae) after they have formed and while they are elon-
ating (Figs. 8E and 7E to 7H).
By examining expression of arc in different mutant em-
bryos, we determined that transcription factors known to
be required for patterning and maintenance of various
developing epithelia control arc expression in those do-
mains (Fig. 8J). Thus, Tailless, Huckebein, and Fork head
control arc expression in the posterior midgut primordium
(Figs. 8B–8D); Fork head and Brachyenteron control arc
expression in the hindgut (Figs. 8F and 8G); Fork head,
Kru¨ppel, and Cut control arc expression in the Malpighian
tubule primordia (Figs. 8H and 8I).
Genetic Requirement for arc during Embryogenesis
The tightly regulated pattern of arc expression in mor-
phogenetically active epithelia during embryogenesis sug-
FIG. 5. arc allelic series progressively affects eye size and ommatid
the eyes of wild-type (A), Df(2R)aEX1/1 (B), aP/aP (C), and Df(2R)aEX1
etermined by quantitative RT–PCR, is given as a fraction of the w
yes are shown in E to H at higher magnifications. The arc hypom
ppear otherwise normal. The eyes of adults completely lacking
mmatidia (H), compared to the hexagonal ommatida of wild-type a
rrangement of photoreceptors within each ommatidium, however,
in the wild type (I); note that the oritentation of the dorsal and ven
dashed line) in both wild-type and arc amorph eyes. Anterior is to
in E to J.Copyright © 2000 by Academic Press. All rightests that arc is involved in the development of these
issues. Complete removal of arc activity (both maternally
nd zygotically), however, has no detectable effect on epi-
helial development in the embryo (arc amorph embryos
enerated from Df(2R)aEX1/Df(2R)a7 females). We therefore
ade double mutants between arc and a number of candi-
ate genes, to ask if we could uncover any novel phenotypes
hat would reveal overlapping or redundant function.
Genes that might function redundantly with arc are
anoe (cno), polychaetoid (pyd), and discs lost (dlt) since,
ike arc, they encode PDZ domain proteins localized to the
dherens junction (Bhat et al., 1999; Takahashi et al., 1998).
owever, no additional phenotypes were found in flies
ompletely lacking arc function and homozygous for a
isible allele of cno, heterozygous for both cno and pyd, or
eterozygous for dlt (see Table 1 for genotypes).
Genes that might interact with arc include those encod-
ng proteins that have either an S/T-X-V carboxyl-terminal
otif or PDZ domain(s) that can potentially interact with
he PDZ domains in Arc and those encoding components of
dherens junctions. The Toll receptor is expressed in a
ape. Scanning electron microscopy (SEM) was used to characterize
R)a7 (D) adult flies. The arc mRNA expression level in these flies,
pe (51.0) in the top right corners of A–D. The ommatidia of these
eyes (B and C) are slightly smaller than those of the wild type, but
activity are significantly smaller (D) and also have rhomboidal
rc hypomorph flies (E to G). The rotation of the ommatidia and the
ar the same in arc amorph flies (Df(2R)aEX1/Df(2R)a7) (J) as they do
mmatidia are antiparallel and perpendicular to the equator (white
left in panels A to D. Scale bars are 100 mm in A to D and 10 mmial sh
/Df(2
ild ty
orph
arc
nd a
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428 Liu and Lengyelpattern similar to that of arc and has a carboxy-terminal
SDV motif (Gerttula et al., 1988; Hashimoto et al., 1988).
Generation of transheterozygotes between arc and Tl (Table
1), however, did not reveal an obvious phenotype, nor did
lack of Tl activity appear to have an effect on arc expression
in embryos (Liu, 1999). Similarly, generation of transhet-
erozygotes of arc and baz (Table 1), which encodes an
apically localized PDZ domain protein (Kuchinke et al.,
1998), did not reveal any interaction. Finally, decreased
dosage of arm (which encodes Drosophila adherens junc-
tion component b-catenin) in an arc null background did
not enhance the visible phenotypes associated with loss of
function of arc (see Table 1).
Thus we have as yet not been able to identify any gene(s)
either playing a redundant role with arc or interacting with
arc. The significance of this result must be qualified by the
consideration that some interactions (those with Tl and baz)
were tested solely by the generation of transheterozygotes,
which would be expected to reveal only very strong interactions.
Misexpression of arc Results in Pupal Lethality
and Rough Eye Phenotype
We investigated the effect of ectopic expression of arc in
various tissues at different developmental stages (from
FIG. 6. arc is expressed in the morphogenetic furrow and regulate
n aP (E) are expressed in the morphogenetic furrow (arrowhead in E
nd Arc protein are seen in repeating clusters of cells along th
orphogenetic furrow (arrowhead) is reduced in hh1 mutant, espec
mm in C and D.Copyright © 2000 by Academic Press. All rightmbryo to pupa), by using the GAL4/UAS binary system. A
AL4 inducible promoter, in which five UAS enhancers are
used upstream to the hsp70 basal promoter, was inserted
pstream of the endogenous arc gene by P element replace-
ent (Liu et al., unpublished data). This allele with UAS
nhancers upstream of the arc gene was designated aUAS.
UAS homozygous flies develop normal wings and eyes (i.e.,
appear arc1), indicating that the hsp70 basal promoter in
he P element insert can substitute for the original arc
romoter.
The aUAS allele allows arc to be expressed in specific
atterns as combined with different GAL4 lines. Surpris-
ngly, strong ectopic expression of arc in the engrailed
xpression domains, driven by en-GAL4 (Tabata et al.,
995), does not result in any detectable phenotype. On the
ther hand, ubiquitous expression of arc driven by Actin
5C-GAL4 (Ito et al., 1997) results in pupal lethality; these
lethal pupae exhibit rough eyes with fused ommatidia, but
appear otherwise morphologically normal (data not shown).
Consistent with this result, ectopic expression of arc in all
cells behind the morphogenetic furrow in the eye imaginal
disc, using the glass multimer reporter GAL4, GMR-GAL4
(Freeman, 1996), also results in a rough eye phenotype with
fused ommatidia, more severe than that seen with the
hh. arc mRNA (A and C), Arc protein (B and D), and lacZ reporter
he eye imaginal disc. At higher magnification, both the arc mRNA
row (C and D). Expression of the P lacZ reporter in aP in the
near the equator (F). Scale bars are 50 mm in A, B, E, and F, and 10d by
) of t
e fur
iallys of reproduction in any form reserved.
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429Arc PDZ Domain Protein in Adherens JunctionsGMR-GAL4 alone (Fig. 9, compare B and C). In addition,
GMR-GAL4/aUAS eyes are larger than wild-type or GMR-
Gal4 eyes (Fig. 9).
DISCUSSION
The arc gene, previously identified on the basis of a
ecessive wing phenotype, is here shown to encode a PDZ
omain protein that is expressed dynamically during em-
ryogenesis and in imaginal discs. The Arc protein is
ocalized to the apical side of the expressing epithelial cells;
n particular it colocalizes with Armadillo to the adherens
unction. Loss of arc function results in defects in two
pithelial organs, the wing and the eye. Overexpression of
rc results in pupal lethality and a rough eye phenotype.
Arc appears to be a unique PDZ domain protein by at
east two criteria. First, it has a unique structure: it contains
wo PDZ domains, one of which is very similar to the
FIG. 7. arc is expressed in morphogenetically active epithelia du
whole embryos are shown at different developmental stages, whic
egg laying, maternal arc mRNA is uniformly distributed in the early
ise to an anterior–posterior gradient (A). Zygotic arc mRNA is
arrowhead), prior to its invagination (B). Arc protein is expressed in
s expressed in the Malpighian tubule primordium (MT) prior to and
ubule elongation (F to H). In the hindgut (HG), arc mRNA appear
3 (F to H). Arc protein is also expressed in other morphogenetical
TR), and the segmental grooves of the epidermis (E to H).Copyright © 2000 by Academic Press. All rightonsensus PDZ domain and one of which is quite divergent
although still with significant similarity). As no PDZ
omain protein of similar structure is identifiable in avail-
ble databases, the Arc protein may have a unique function
n Drosophila or in insects. Second, it has a unique expres-
sion pattern: in contrast to most PDZ domain proteins,
which are globally expressed, Arc is expressed dynamically
in developing epithelia undergoing morphogenesis. This
suggests that arc might play a role in developing epithelia.
Required Function of arc in Wing and Eye
The use of overlapping deficiencies generated in this
study has allowed us to determine the effect of complete
loss of arc activity. Loss of zygotic (or zygotic and maternal)
rc activity results in the previously described downward
olding of the wing (Bridges and Morgan, 1919), as well as a
educed number of ommatidia in the eye, and male sterility.
embryogenesis. arc mRNA (A and B) and Arc Protein (C to H) in
indicated in the top right corner of each panel. Immediately after
ryo (not shown); this mRNA is then lost from the posterior, giving
detected at the posterior, in the posterior midgut primordium
osterior midgut (PMG) during and after its invagination (C). It next
ing evagination of the tubule buds (D and E) and continuing during
ing stage 12 (Fig. 8E), and Arc protein is detected after early stage
tive epithelia, namely, salivary glands (SG), foregut (FG), tracheaering
h are
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430 Liu and LengyelFIG. 8. Temporal and spatial regulation of arc during embryogenesis. arc mRNA in wild-type and various mutant embryos is shown at
tages 6 (A to D) and 12 (E to I). Expression of arc in the posterior midgut primordium (PMG) of the wild-type (A) is not seen in mutant
mbryos of tll (B), hkb (C), and fkh (D). Expression of arc in the Malpighian tubule primordium (MT) is strongly reduced in byn (F) and Kr
H) and absent in fkh (G) and ct (I) embryos, compared to the wild type (E). Expression of arc in the hindgut primordium (HG) is absent in
yn (F) and fkh (G) embryos, compared to the wild type (E). As summarized in (J), Tailless, Huckebein, and Fork head activate arc expression
n the posterior midgut primordium, Brachyenteron and Fork head activate arc expression in the hindgut primordium, and Brachyenteron,
ork head, Kru¨ppel, and Cut activate arc expression in the Malpighian tubule primordium. Arrows between these genes in the shaded boxes
ndicate previously described regulatory hierarchies (reviewed by Lengyel and Liu, 1998; Wu and Lengyel, 1998).
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431Arc PDZ Domain Protein in Adherens JunctionsHow might the adult arc mutant phenotypes in wing and
ye be related to the observed expression of arc in the wing
nd eye imaginal discs? The curved wing phenotype is quite
ubtle; while it could be due to a requirement for the
xpression of arc in the prospective hinge and adjacent
lade regions of the disc, it might also be due to a required
xpression at a later time, such as during wing eversion.
The phenotype that can most readily be attributed to a
articular arc expression pattern is the reduced number of
mmatidia in the arc null eye. The expression of arc in the
agging edge of the morphogenetic furrow could affect the
umber of ommatidia formed in at least two different ways:
ndirectly, by affecting the rate of furrow progression, or
irectly, by promoting the initiation of ommatidial clus-
ers. A reduced rate of furrow progression in the absence of
rc activity could result secondarily in a reduced rate of
roduction of the ommatidial precursor clusters, the forma-
ion of which is initiated just behind the furrow (Wolff and
eady, 1993). The idea that arc expression in the furrow is
equired for its normal progress is supported by the fact that
xpression of hh, which drives progression of the furrow
Ma et al., 1993), is required to drive a normal level arc
xpression in the furrow.
A number of lines of evidence, however, suggest that arc
ffects the number of ommatidia by a mechanism addi-
ional to any possible effect on furrow progression. First,
rcP hh1 eyes are smaller in the dorsal–ventral axis (which is
erpendicular to the anterior–posterior axis of furrow pro-
ression) than hh1 eyes (data not shown). Second, in the
bsence of arc activity, there are fewer ommatidia in both
FIG. 9. Overexpression of arc in eye imaginal discs results in rough
f aUAS/1 (A), GMR-GAL4/1 (B), and aUAS/GMR-GAL4 (C) eyes. aU
GMR-GAL4/1 eyes are slightly rough, with some irregularly shap
than those of GMR-GAL4/1 and contain a significant number of fCopyright © 2000 by Academic Press. All righthe rows and the columns of the eye (if arc affected only
urrow progression, one would expect to see the same
umber of rows as in the wild type, but fewer columns).
The expression of arc in the furrow, in groups of cells of
oughly the same size and spacing as the forming omma-
idial precursor clusters, suggests that arc function might
ontribute directly to the initiation of the ommatidial
lusters. This is supported by the observation that ectopic
xpression of arc throughout the eye imaginal disc (by
ctin 5C-GAL4), or in all cells behind the morphogenetic
urrow (by GMR-GAL4), results in larger eyes with fused
mmatidia (i.e., more ommatidia overall). Given its local-
zation to the adherens junction, Arc might promote the
ssociation of cells into ommatidial clusters by modulating
dherens junctions in cells just behind the furrow.
While the organization of the photoreceptors in arc null
yes appears normal, there is a distortion of the overall
hape of the ommatidium, giving a rhomboidal, rather than
exagonal, shape. In contrast to what has been described for
mo mutants (Choi and Benzer, 1994), this shape distortion
oes not arise by a failure of rotation of the ommatidia. The
efect in the pigment cell lattice, the apparent basis of the
homboidal morphology, must then arise by some other
echanism. Since the cells of this lattice are recruited into
he ommatidial cluster during the first third of pupation
reviewed by Wolff and Ready, 1993), well after arc expres-
ion in the morphogenetic furrow, there may be a later
xpression of arc during pupation that is required for the
roper association of pigment cells with the ommatidium.
s we proposed for formation of the ommatidial clusters,
larger eyes with fused ommatidia. Scanning electron microsgraphs
flies develop normal eyes with a regular pattern of ommatidia (A).
mmatidia (B). The larger aUAS/GMR-GAL4 eyes are much rougher
ommatidia (C).and
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432 Liu and LengyelArc might also promote this second association by modu-
lating the adherens junctions of the interacting cells.
Dynamic Expression, and Possible Function, of arc
in Embryonic Epithelia
Of the 17 genes encoding PDZ domain proteins that have
been identified in Drosophila (Flybase, NCBI), bazooka,
iscs large, canoe, polychaetoid, and discs lost have been
haracterized in most detail; these are expressed in epithe-
ia throughout embryogenesis (Woods and Bryant, 1991;
uchinke et al., 1998; Takahashi et al., 1998; Bhat et al.,
999). Relative to these rather ubiquitously expressed
enes, arc is unusual in being expressed only in epithelia as
hey are undergoing morphogenesis. Thus Arc is present in
he amnioproctodeal invagination during gastrulation, but
isappears from this epithelium by stage 10. Arc appears in
he Malpighian tubule primordia just as they are being
pecified during stage 10 and becomes very strongly ex-
ressed during bud evagination and tubule elongation. Arc
s also expressed in other tubular structures that are elon-
ating, such as hindgut, foregut, salivary glands, and tra-
heae.
The dynamic expression of arc during embryogenesis is
egulated by different patterning genes. tll and hkb, which
re required to pattern the posterior 15% of the embryo
reviewed by Wu and Lengyel, 1998), control arc expression
n the posterior midgut primordium. fkh, which appears to
ct as a maintenance, or permissive, transcription factor, is
equired for expression of arc throughout the gut. byn,
hich is required for hindgut development and specifies its
entral domain (the large intestine) (Singer et al., 1996),
ontrols expression of arc in the elongating hindgut. Kr and
ut, required for evagination and extension of the Mal-
ighian tubule buds (reviewed by Lengyel and Liu, 1998),
ontrol expression of arc in the tubule primordia. Thus, arc
s transcriptionally activated as a common target of differ-
nt patterning systems that regulate development of vari-
us epithelia undergoing morphogenesis.
In spite of the exquisitely regulated expression pattern of
rc expression in developing embryonic tissues, the com-
lete lack of arc activity does not detectably affect devel-
ping embryonic morphology and is not required for viabil-
ty. This is not due to a rescuing effect of maternal arc
RNA, since mothers lacking arc activity produce normal
ppearing embryos even when crossed with arc heterozy-
ous fathers. Another possible explanation for the viability
f arc null flies would be that there are other genes that play
role redundant with that of arc.
The most likely candidates for such genes are those with
igh sequence similarity to arc. Although a search of the
argely completed Drosophila genome sequence identifies
enes with some similarity to arc (baz, inaD, cno, dlg, and
lt, as well as three previously undescribed PDZ domain
ncoding sequences), none of these has high similarity to
rc, and none display the arrangement of a highly variant
DZ domain followed by a well-conserved PDZ domainCopyright © 2000 by Academic Press. All righthat is found in Arc. Furthermore, genetic studies with cno,
yd, and dlt, which encode adherens junctions associated
DZ domain proteins, did not reveal any genetic interac-
ion with arc. Thus there does not appear to be a particular
rotein highly similar to Arc that might provide redundant
unction. It is of course possible either that multiple PDZ
roteins acting together, or a protein with entirely different
equence motifs, might substitute for arc function in devel-
ping embryonic epithelia.
Since we have not identified a protein likely to play a
edundant function with Arc, we must also consider the
ossibility that, in developing embryonic epithelia, Arc
lays a specialized, subtle role that is not detectable by the
riteria employed to date and that is not required for
iability under laboratory conditions.
Conclusions
We have identified a unique PDZ domain protein, Arc,
which appears distinct from other described types of PDZ
domain proteins, is expressed dynamically during epithelial
morphogenesis and in imaginal discs, is associated with the
adherens junction, and is required for normal wing and eye
development. We propose that Arc functions in the eye by
modulating adherens junctions; in the embryo its role may
be either very subtle or masked by redundantly functioning
protein(s).
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